Introduction
In September/October 1996 the NASA Global Tropospheric Experiment (GTE) mounted a two-aircraft airborne sampling campaign over a large expanse of the South Pacific Ocean. The primary objectives of the Pacific Exploratory Mission-Tropics (PEM-Tropics) were to test current understanding of nitrogen oxide/ozone chemistry by extensive sampling in a region where the levels of NO• and 03 (and most other tropospheric trace gases) were expected to be quite low, and to further understanding of sulfur cycling in and between the marine boundary layer and the free troposphere over the South Pacific where anthropogenic influences on the sulfur cycle should be small.
Each of the aircraft (the Wallops P3-B and the Ames DC-8) carried an extensive suite of instrumentation to measure the mixing ratios of various trace gases central to 03 photochemical cycling and the S cycle, as well as to characterize the physical and chemical characteristics of aerosols. The scientific payloads of the planes differed in some respects, reflecting the performance characteristics of the two platforms. The higher ceiling and greater range of the DC-8 make it better suited for surveys over large areas, while the low-altitude capabilities of the P3-B allow more detailed investigation of structure and processes within the marine boundary layer. The PEM-Tropics overview paper [Hoell et al., this issue] provides details of the in situ and remote sensing instruments on both aircraft and describes the specific objectives of each mission flown during the deployment. This paper is restricted to measurements made on the DC-8 and focuses on aerosol-associated soluble ionic species and the aerosolassociated cosmogenic radionuclide 7Be. Comparisons are made and 21øpb. When samples for determination of the radionuclides were collected, the integration intervals of both systems were identical, so that the mixing ratios of the ionic species and the radionuclides were determined in the same air masses. Sampling for the radionuclides was interrupted when the DC-8 crossed the Intertropical and South Pacific convergence zones (ITCZ and SPCZ) to allow collection of large-volume samples for elemental analyses (by instrumental neutron activation), primarily for halogen species such as I. The results of these analyses are not discussed herein, but it is important to note that this modification to our usual sampling protocol resulted in collection of 40 samples for determination of ionic species mixing ratios without the radionclide tracers.
Aerosol collection was restricted to flight legs at constant altitude. Exposure times in the mid and upper troposphere were usually in the 15-20 min range; below 2 km the integration interval was shortened to 10 min or less. A total of 322 samples was collected for ionic species analyses, with parallel samples for the radionuclide tracers in 282 of these intervals.
Analysis
Our analytical techniques were essentially unchanged from those used on the PEM-West campaigns [Dibb et al., 1996 [Dibb et al., ,1997 . However, we have slightly modified our handling of aerosol filters between exposure and analysis. On all GTE missions through PEM-West B our protocol involved placing exposed filters, still in the cassete, immediately into clean room bags and heat sealing them. Samples were then placed in a cooler with eutectic packs at -20 øC for storage until extraction after the flight. Recognizing that the sealed bags contained a small amount of cabin air which could interact with the particles on the filter, we have begun including a purge of the bags with dry zero air. This procedure consists of sealing the clean bags with a tube delivering the zero air inside. A flow rate of about 2 L min '1 sweeps cabin air out of the bag and begins to inflate it. At this point the tube is withdrawn, and the bag is sealed again. Filters are then stored in a cooler. We have used this protocol for the Subsonic Assessment (SASS), Subsonic Aircraft Contrail and Cloud Effects Special Study (SUCCESS), and Subsonic Assessment Ozone and Nitrogen Oxide Experiment (SONEX) campaigns as well as during PEM-Tropics. The primary motivation for this change is to exclude any NH3 in cabin air from contact with the exposed filters.
Concentrations of Cl-, NO3', SO4--, C204 =, CH3SO3', Na +, NH4 +, K +, Mg 2+, and Ca 2+ in aqueous extracts of the teflon filters were determined by ion chromatography. Extractions and quantitation of the anionic species were conducted in the field within 24 hours of each flight. Aliquots of extracts were preserved with chloroform and retumed to our laboratory in New Hampshire for cation determinations; these were completed within 6 weeks of the final flight. Glass fiber filters were express-mailed to New Hampshire at intervals through the campaign so that 7Be activities could be determined by gamma spectrometry as quickly as possible. However, the large number of relatively small volume samples collected created a backlog, so the final filters were not counted until 2 months after the last flight. Our 2•øPb technique (determination of the activity of the 2•øPo daughter by alpha spectrometry) requires approximately 1 year for in-growth of the daughter before counting [Dibb et al., 1996] . At the time of writing, these analyses were in progress, with samples from the first 12 flights (approximately 1/2 of the total) completed. As a result, the 2•{•b distribution during PEM-Tropics will be presented in a subsequent paper.
Data Binning
The DC-8 flights during PEM-Tropics extended over a very large region, covering over 100 ø of longitude (108 øW-152 øE) and extending from 55 øN to 72 øS (see overview paper by Hoe# et al. [this issue]). In order to organize discussion of our results, the samples were binned into seven regions and three altitude ranges. The vertical bins roughly correspond to the marine boundary layer (<2 km), the lower to midtroposphere (2-8 km), and the upper troposphere (>8 km). The highest bin includes a few penetrations of the lower stratosphere in the higherlatitude spatial regions (> 15øN and >35øS) Selection of regional bins was based on a combination of large-scale features of atmospheric circulation convolved with the DC-8 flight tracks. In the northem hemisphere we deftned two latitude bands (>15 øN  and 0ø-15øN) The aerosol-associated species that are the focus of this paper showed little difference on opposite sides of the SPCZ. We also considered dividing this bin at 15øS to reflect the oceanographic boundaries between the south equatorial current and the subtropical gyre. This division reveals nearly two-fold higher sea-salt concentrations in the boundary layer 15ø-35øS compared to 0ø-15øS in the westem most region, a smaller boundary layer enhancement of sea-salt in the southerly portion of the central region, but no significant differences for the other species, or at higher altitudes. We therefore chose to maintain the 0 o_35 o S region as three bins rather than six with smaller numbers of samples in each. In several sections of this paper we make comparisons between the aerosol composition and the mixing ratios of various trace gases measured by other experimenters on the DC-8. The sampling frequencies for analysis of these other species were all shorter than our integration intervals, but were not always the same for different gaseous species. We use a merged data file (generated at Harvard University) wherein the mixing ratios of all other parameters measured from the DC-8 were averaged over the aerosol sampling times to make these comparisons. This and several other merged products, as well as the original data reported from all instruments, are archived in the Langley Distributed Active Archive Center (DAAC).
Results
Aerosol composition in the 21 space-height bins described above is statistically summarized in Table 1 . It should be noted that the mixing ratios of one or more of the species of interest were often below our detection limit. The detection limits are largely determined by variability in the concentrations of the analytes extracted from blank filters (which were generated at a rate of at least 2/flight by loading a filter into the sampling system, opening all valves to allow airflow for 15 s, and then removing the filter). We subtract the mission specific mean blank (nmol of analyte filter 'l) from each sample.
Therefore the mixing ratios at detection limit vary inversely with the volume of air filtered for each sample. During PEM-Tropics our mean (standard deviation) blank values were 4.1 (2.8), 9.5 (7.5), 1.9 (1.8), 0.7 (1.9), 0.02 (0.08), 25.7 (16.2), 7.1 (4.5), 6.6 (5. Units are pptv for all species except 7Be, which is reported as fCi m 4 STP; n is the number of samples above our detection limits for the given species in each bin; s.d., standard deviation. See text for discussion of the precautions which should be taken when comparing these data to results from other campaigns. aThe number of samples collected for determination of soluble ion mixing ratios (followed by the number for radionuclide analyses) in each geographic/altitude bin. sample of mean volume the standard deviation of the blanks leads to an uncertainty in mixing ratio of 15, 40, 10, 10, 0.4, 86, 24, 28, 7, and 3 pptv for the ions (listed in same order as above). These uncertainties decrease (increase) proportionately as the volume of air sampled increases (decreases).
Deciding how to incorporate samples below detection limits when calculating descriptive statistics is problematic. Considering such samples to be zeros would depress mean and median values artificially. Similarly, inserting the detection limit, or some constant fraction of it, could significantly overestimate the true mixing ratio, especially for small volume samples. We have calculated the summary statistics in Table I on the basis of those samples that were above detection limits, thus the means and medians often represent upper limit values. We also report the total number of samples collected, and those above detection limits for each species, in each of the bins.
We were able to quantify SO4 =, NH4 +, and 7Be in 76, 67, and 69%, respectively, of all samples collected (Table 1 ). All other species were below detection limits more often than not, with the percentage of samples above detection limits ranging from 4% (C204 =) to 44% (NOD. Below 2 km we were able to determine mixing ratios of all species except C204--most of the time, with K + above detection least often (53% of samples) and SO[ nearly always quantified (95% of samples) ( Table 1). 3.1. Spatial Distributions 3.1.1. Free troposphere. We focus first on the distributions of SO4--, NH4 +, and 7Be, since our data set for these species allows examination of variations with height as well as between geographic regions. In most of the regional bins the mixing ratios of SO/and NH4 + tended to decrease rapidly with height, while 7Be increased (Figures 1-3) . Below 2 km the range of SOft and NH4 + mixing ratios in most regions was substantial. 
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There was a tendency for the greatest mixing ratios to occur at the lowest sampling altitude with substantially lower values often found only a few hundred meters higher (Figures 1 and 2 ). The small number of samples and large variability in the <2 km bins make differences between regions statistically insignificant, but the mean and median SOft and NH4 + mixing ratios were highest in the 0 ø-15 øN region and lowest in the high southern latitude, western region (Table 1 ). In the middle troposphere (2-8 km) the situation was reversed, with the mixing ratios of both species quite low or below detection limits in the 0ø-15øN bin and the highest mean concentrations found at latitudes greater than 35 ø S in the western Pacific (Table 1) . However, the elevated mean SOft and NH4 + mixing ratios in this bin reflect several highly enriched samples (Figures 1 and 2 ). If medians are compared rather than means, the SO[ enhancement in the >35 ø S, W bin was very modest, and the highest NH4 + value was found in the eastern high-latitude 2-8 km bin instead (Table 1) . At the highest sampling altitudes the mean and median SO4--mixing ratios were lowest north of the equator and highest south of 3 5 ø S, but nearly constant zonally within the two southern hemisphere latitude bands. In contrast, mean NH4 + mixing ratios increased from east to west in the 0ø-35øS band, but were higher in the eastern, compared to western, bin south of 35øS (Table 1) We found a wide range in mixing ratios of all species derived from sea salt (e.g., Na +, Mg 2+, Ca 2+, and CI-) within each geographic bin (Table   1) , but a large part of this variability is an artifact of our altitude binning. Steep gradients in the mixing ratios of sea-salt-derived species were often observed between the lowest sampling altitude of the DC-8 (approximately 0.3 km) and 2 km, similar to the vertical distributions of SO4--and NH4 + shown in Figures 1 and 2 . Furthermore, the abundance of sea-salt aerosol in the marine boundary layer varies rapidly in response to the wind field and as a result of precipitation scavenging. Since we have very little insight into the history of the marine boundary layer air masses in the hours to days before the DC-8 encountered them, our discussion of boundary layer aerosols will focus on spatial variations of species ratios rather than the abundance of individual species. may not be directly comparable in detail due to a combination of different sampling altitudes, spatial resolution, and the possibility that one or both systems suffer systematic sampling bias. In particular, we note that fast response instrumentation on both aircraft revealed large spatial gradients in CO, 03, and aerosol number distributions within the marine boundary layer. Such gradients would have made rigorous intercomparison flights difficult to execute and suggest that there is little assurance that the DC-8 and P-3B actually sampled the same boundary layer air masses during the loosely coordinated flights that were conducted during PEM-Tropics. We recognize that the issue of sampling artifacts is a pressing concern for all groups collecting aerosol samples from airborne platforms and careful intercomparisons are needed. However, it is not possible to establish equivalence or discrepancies between our system and those on other platforms from data presently available. Therefore our focus will be solely on measurements that we have made from the DC-8 over the past 5 Table 2 , since the mixing ratios of Ca 2+ in all PEM-Tropics samples were consistent with a sea-salt source.) However, the Asian outflow signal in aerosol-associated ionic species in both seasons was restricted to the lower troposphere, with upper tropospheric air generally quite "clean" ( Table 2 ). The activity of 7Be (an aerosol-associated tracer of upper tropospheric and stratospheric origin) was also much lower than anticipated in the upper troposphere over the North Pacific. In contrast, insoluble gaseous tracers of industrial activity were elevated throughout the troposphere over much of the North Pacific. We concluded that the low mixing ratios of aerosolassociated species were due to extensive wet scavenging in deep convection that pumped continental boundary layer air from Asia into the mid and upper troposphere where it could be advected over the Pacific [Dibb et al., 1996 [Dibb et al., , 1997 .
Comparison to Previous
Mean mixing ratios of SO4 = in the boundary layer near Asia during both PEM-West missions were more than two-fold (up to nine-fold) greater than in any of the 0-2 km bins sampled during (Tables I and 2 ). This enhancement near Asia extended up into the lower troposphere during PEM-West B (compare the near Asia 1-6 km, or the mean of the 1-6 and 6-9 km, bins (Table 2) to all 2-8 km bins from PEM-Tropics (Table 1) ). The remote North Pacific SOft mixing ratios were comparable to those in the South Pacific. The slight enhancement in the northern lowaltitude bins is probably mainly due to the shallower bins used for these missions (Tables 1 and 2 ). Elevated SO4--mixing ratios above 9 km near Asia during PEM-West B reflect stratospheric air encountered in a tropopause fold [Dibb et al., 1997] . If these samples are excluded, the mean SO4--mixing ratios in all highaltitude bins during the three missions range from 13 to 36 parts per trillion by volume (pptv), with high and low values within this relatively narrow range occurring on both sides of the equator.
PEM-Tropics
Comparing NH4 + mixing ratios between the North and South Pacific also reveals the continental influence on the boundary layer near Asia, where levels were again 2-9 times higher than the average in any <2 km bin during PEM-Tropics. The remote North Pacific boundary layer bins during both PEM-West campaigns also had higher NH4 + mixing ratios than any of the <2 km bins during PEM-Tropics including the two north of the equator (Tables I and  2 ). If, as we argue below, the ocean is a significant source of NH3, part of this difference may be due to the I km top used for PEMWest boundary layer bins compared to 2 km for PEM-Tropics. In the low to middle troposphere the NH4 + comparisons are mixed, with PEM-Tropics means exceeding those in the remote North Pacific, but the highest means were found near Asia. At the highest altitudes (above 8 or 9 km) the differences in NH4 + mixing ratios are relatively small, except for the much higher averages in the PEM-Tropics western 0 ø-35 øS and eastern high southern latitude regions (Tables 1 and 2 ). In the 0ø-35øS bin this average is clearly an overestimate, since the NH4 + mixing ratio was below detection limit in 75% of the samples, but in the eastern zone above 35øS, NH4 + was quantified in all of the high-altitude samples. Table 2 Biomass burning plumes from boreal and tropical fires have been characterized in many previous investigations (e.g., the GTE Atmospheric Boundary Layer Experiment (ABLE 2), ABLE 3, and Transport and Atmospheric Chemistry Near the Equatorial Atlantic (TRACE A) campaigns, and Dynamique et Chimie Atmosph•rique en Foret Equatoriale (DECAFE)). Such plumes generally contain large enhancements in aerosol-associated species, most often including elemental C, NH4 +, and K +, though some have also had enhanced NO3' and SOft. In this light, the low mixing ratios of aerosol-associated soluble ions measured throughout the PEMTropics study area are noteworthy.
Magnesium is included in
In the central and western South Pacific regions, biomass buming plumes were encountered on every flight, and nearly all of these were in the 2-8 km altitude range. We noted earlier that the mean mixing ratios of SO4--and NH4 + were slightly higher in the western high-latitude midtroposphere than any other bin; but that these averages were pulled up by two samples with very high mixing ratios. Closer examination of Figures 1 and 2 Two separate plumes were encountered on flight 12 (Figure 4) . The first plume, just before 2200 UTC, is representative of nearly all plumes encountered during PEM-Tropics. Large enhancements of CO and O3 were accompanied by no enhancement in aerosolassociated ionic species. The second plume on flight 12 was first sampled at about 0045 at an altitude near 6.5 km (Figure 4) . The large increase of the CO mixing ratio in this case was accompanied by a relatively small O3 increase, but the mixing ratio of NH4 + in our first sample (529 pptv) was the highest measured at any time during PEM-Tropics. The SOft mixing ratio in this sample (287 pptv) was also the highest free tropospheric value that we measured (Figures 1, 2, and 4) . The second sample collected during this leg showed small decreases in the mixing ratios of CO, SO4--, and NH4 +, but the levels of the aerosol-associated species were still greatly enhanced compared to the bulk of our free troposphere samples. We ascended above the plume for about 40 min, then reentered it at =0200. Our first sample interval during the 6 km level leg again revealed elevated mixing ratios of CO, S•4--, and NH4 +, with only a small enhancement in 03. The mixing ratios of the ionic species in this second plume encounter were only about 65% of those seen earlier, but were still more than 1.5-fold higher than any other samples collected between 2 and 8 km during PEM-Tropics (Figures 1, 2, and 4 The preceeding suggests that comparison between our bulk aerosol samples and surface-based results must consider the size range collected in previous studies and whether our system is biased against the larger particles. In the tropics where the dependence of R on particle size is expected to be largest, our 20 boundary layer samples (Figure 6a ) have amean R of 0.043. The low (<0.01) values reported by Bates et aL [1992a] are for fine (<0.6 gm) particles, and we can estimate that the bulk value might be 2 to 3 times higher. Quinn et al.
[1990] measured an average R of about 0.03 between 9øN and 7øS for fine samples (1 gm cut), and bulk values would presumably be higher but probably by no more than a factor of 2. Our mean value is 75% of the average bulk value (0.053) reported by Huebert et al. [1996] from Christmas Island and 2.7 times higher than the submicron average (0.016) for these same samples. These comparisons suggest that our sampling system is efficiently passing a high fraction of the large aerosol particles present in the marine boundary layer (more precisely, it appears that any inlet losses we do experience are nearly proportionately impacting both fine and coarse fractions, and we assume that the passing efficiency for the submicron particles is high). Of course, such comparisons are based on short periods of observation at different times and places, so they cannot be considered a rigorous test of our inlet design and performance.
The obvious benefit ofairbome sampling as a complement to surfacebased campaigns is that distributions in the free troposphere can only be determined from an airbome platform. Scatterplots of NH4 + versus nss SO4 = reveal that only a few of our bulk aerosol samples were more acidic than would be consistent with NH4HSO 4 as the dominant form of sulfate (Figure 8 ). In fact, more than 40% of all samples collected in the southern hemisphere, and all of those from east of 120øW, had more NH4 + than would be required to completely neutralize SO4 = to (NH4)2SO 4. If we assume that all measured aerosol NOa' reacted with NH4 + to form NH4NO 3 after nss SOd-was depleted, we are still left with "excess" NH4 + in more than 25% of the southern hemisphere samples and 9/11 samples collected east of 120øW. This is an unexpected result that is not readily explained, so we must consider whether it is real or an artifact caused by some aspect of our sampling, chemical analysis, The magnitude of the excess NH4 + in most of the samples that have "too much" NH4 + is well above our analytical uncertainty. Sample volumes in the boundary layer were generally two-to threefold greater than the mission mean of 4.2 m -3 STP, reducing uncertainty from blank subtraction to levels of the order of 5 pptv total SOft and 10 pptv NH4 +. Similarly, while it is possible that our sampling system is oversampling large particles in the boundary layer, which would lead to overestimation of the sea-salt fraction of SO4 = and increase the NH4+/nss SO4 = ratio, our successful reproduction of the latitudinal profile of MSA/nss SO4 = suggests little or no such bias. (Note that losses of large particles in the inlet would be more likely than oversampling.) We could also be overestimating sea-salt SO4 = by adopting the standard assumption that there is no fractionation between Mg 2+ and SO4--during formation of sea-salt aerosols. This assumption has been shown to be invalid for aerosols and snow in coastal regions of Antarctica where the standard calculation yields substantially negative estimates of nss SO4 = during winter (i.e., a modified sea-salt aerosol that has much less SOft than expected from seawater composition is prevalent in this region) [Wagenbach et al., 1988; Gjessing, 1989; Mulvaney et al., 1992; Minikin et al., 1994] . However, we are not aware of similar findings at lower latitudes. In any case, even if we make the extreme assumption that all of the measured SO4 = is nss SO4 = available to react with NH3, we still find that NH4 + is present in excess in 10/66 southern hemisphere samples, with most of these from the western (five samples) and central (three samples) 0 ø-35øS bins.
In summary, it appears that the presence of excess NH4 + was a real characteristic of some of the regions sampled during PEMTropics, though the frequency of such aerosols may be less than suggested by the number of points above the 2:1 lines in Figure 8 . We speculate that dissolution of NH3 into hydrated sea-salt aerosols could account for the excess NH4 +. In this case the solubility of NH3 in the aqueous phase, rather than the presence of an acidic counter anion, would determine the final concentration of NH4 + in the extract of the filter. It is not possible to confirm this hypothesis from the PEM-Tropics data set, nor can we be certain that the excess NH4 + goes into the aerosol phase in the ambient marine boundary layer rather than on the filters during (or after) sample collection. It should be possible to test this hypothesis through chemical characterization of size-fractionated aerosol samples from the South Pacific boundary layer, since NH3 dissolving into wet sea-salt aerosols would be found in the large particle mode (though it would still be difficult to discriminate between NH3 uptake in the ambient aerosol versus artifact uptake by aerosols concentrated onto a filter during sampling). We note that Quinn et al. [1993] and Andreae et al. [1995] found no evidence for supermicron NH4 + in samples collected in the North Pacific and South Atlantic, respectively, but the NH4+/nss SOft ratios in these regions were generally _<1.0, hence excess NH3 was probably not available.
Conclusions
The Decreasing mixing ratios of NH4 + with increasing altitude throughout the PEM-Tropics study area suggest that emission of NH3 from the ocean is an important source for remote marine air. The latitude distribution of NH4 + in the boundary layer (<2 km) shows that the highest mixing ratios were found in the tropics, consistent with recent shipboard sampling campaigns that suggested relatively strong emissions of NH3 from the equatorial Pacific [Quinn et al., 1990; Clarke and Porter, 1993] .
Our observation of excess NH4 + in many PEM-Tropics boundary layer samples is somewhat problematic. We cannot entirely rule out the possibility that these data are artifacts of sampling and/or data processing, but feel that they are indicating a real feature of the boundary layer aerosol in some regions of the South Pacific. If so, the details of incorporation of NH3 into the aerosol phase in the marine boundary layer merit additional attention.
